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~PSTRACT :

A f~~st principles ~< i:~~t~c theory is developed , app lieab~e to ~~~~~ de;~~ , .

~~i ii~~ t ron Sti ~ u~e’ed Des crp tj or .  Exprcs slon~ for the ionic and n~ u~r~~i

~t ’ m  SI) c~~~s s ection~- ~~~~-r~ ~or ~~, r .ca and applied in a model calcuhtt ion Cr

~~~~• .s  :.~ n tr~~i~ W(~~ ~t~u’: . ~~~~~~ ~
‘
~~~; ~i cf thr  out qn ing ions was found . wi1~ t j ~i~

se of a model j on— solid potential in whic h the substrate was free or excit : i f ’c~n~

~~~~~~~~~~ ~2ot groups were simul ~~. The peak ion energies obtai .nod with th s ‘~~ de1

~~:J .’~~~~ ci , small c i~~ red . t~ ~~~ nt~ l cn~ r~tes for Ihe hig h ~overa~~ ~~~~~~~~~~~~

Th ’~ need to introduce substrate excit~itions to describe this case is discussed .
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I. INTRODUCTIO N

Much work has been done in recent years on the phenomenon of Electro n

Stimulated Desorption (ESD) . In these experiments , a beam of low energy

electrons , in the ra nge of 100-500 ev impinges on an adsorbate covered sur-

face , causing the ejection of tons or neutral particles . Several articles re-

viewing ESD have appeared . 1 - 4

Experimental data have been collected about the ion yields and cross

sections . Energy distr ibutions of emerging ions have been measured .~~ In the

last severa l years , the angular d istribution of ejected Ions has been investi—
6— 8

gated . Strong focussing of the desorbing tons has been revealed . Desorpt ton

patterns were obtained wh ich contain sets of well defined cones for ion emis-

sion , both normal and non-normal to the surface . The number and orientation

of emission cones is related to the substrate geometry .

ESD Ion Angular Distributions may thu s provide valuable clues to the ad-

sorpt ion geometry , on the scale of the unit cell size . This d irect Information

is complementary to that obtained , for example , by LEED S which is sensit ive

to mainly long ra nge order in the adsorbed layer and substrate .

In this theoretical work , we address ourselves primarily to the angular

dependence problem . Previous theoretical treatments of ESD have been strict-
9 , lo

ly one dimensional , and phe riomenological in flavor . This work presents a

first principles transport formulation of the desorbing Ion dynamics . The

ion —solid interact ions are assumed to be time independent , or long lived

relative to ion flight times.

1

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Section II establishes the conceptual framework and introduces kinetic

equations which can be solved formally , in three dimens ions , for  the linear

response to external electron bombardment . In S ection III , expressions for the

ionic and neutral atom ESD cross sect ions are obtained from the kinetic theory ,

in a for m su itable to efficient numerical integration. Section IV is an illustra-

tive model calculation of ESD Ion Angular Distributions . The experimentally

interesting case of 0+ desorption from W (ill) was chosen , with the surface

assumed free of excitat ion during the ion ejection. Section V is reserved for

discussion.  . - -

We fou nd that ion interactions with a ground state surface can replicate the

focussing and ion distributions in experimental ESD patterns , for several ad-

sorption geometries. However , this model surface potential probably cannot ex-

plain the large 0+ ion energies observed at high coverage . We speculatively

suggest that long lived excitations on the surface may play the dorninent role

in ESD of 0~ at high coverage . 
-
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II. FOR MULATIO N OF THE PROBLEM

This calculation employs a multi- step picture of the desorption process
1—4 , 9—11

which has been found usefu l in previous ESD investigations . P~1sorbed pa rticles

are Franick-Condon excited to an anti-bonding state from which ionic desorption

may occur . Propagation follows , with the dynamics determined by an effective

adpa rtic le-surface interaction potential. Recapture may occur via bond healing

transitions . Reneutra lized particles may still possess sufficient kinetic energy

to escape a~ neutrals , in which case ground state propagation complete s the

~i~’sorption process.

The above picture is useful for describing the response of adpa rticle sub-

strate systems which are interacting weakly with an external beam. Hence , we

linearize the kinetic equations presented below in the Incident flux . Ad particle

propa gation is described classically. The excitation and decay mechanisms in-

volve electronic transitions , and thus require quantum mechanica l descriptions .

A single atom or molecule interacting with a surface may be described

by the following Hamiltonian:

W _ V~ ~~~~~~~~2M (1)

Here , He contains all the potentials in the system , as well as kinetic energ y

opera tors for electrons which participate in atom-surface intera ctions . The

kinetic energy opera tor shown acts on adparticle mass center coordinates , with

M denoting the adpe rticle mass.
• In the Born-Oppenheimer Approximation , the propagation phase of de-

sorption decouples , to order m0/M~ from the electronic states of the system.

Electronic responses to shifts in the adpa rticle coord inate s may be regarded as

insta ntaneous , permitting a set of effective interaction potentials to be defined.



r

Excitation and reneutra lization are hkewlse regarded as sudden , i nel est iC

event s in which the interna l adp ar t i c te  sta te , and thus the propagation dynamics ,

change discontinuously.  We a~ sume that the asymptotically recognizable ad-

pa rticle state s pa rtially diagonalize 
~ e close to the surface .

For the present , cons ideration Is restricted to a two leve l system , w ith

n~ i for the neutr~ i j i 3u~~~ ~ ;d: . !‘c~ t~~~itive ions , ~~~~ The z—de pendent be-

havior of the effectIve potentials F (~P) Is sketched qualitatively in Fig . 1.

The minimum of E 1~f) lies at the chemisorption site . In order for ionic desorp-

lion to occur , the antibondtngciirve i:~ (fl must  ha ve the geni~ra lly re pulsive

character shown. One expects i~ ~o become attractive at long ra nge due to

image charge density residing on the surface . The difference — E1(~

is regarded as the Interna l Ionization energ y of the adsorba te . At large ad-

sorbate to surface sepa rations It is identica l to the free atomic va lue . Varia —

tions of En ct) in the plane pa ralle l to the surface are crucia l for the angular

dependent desorption problem, arid are discussed below .

This picture of desorption , and the transport theory developed below ,

may be readily generalized to include multiple excited state systems , in which

• substrate excitations and neutra l excited states of adpa rticles must  be con—

• sidered. In addition , photodesorption may be treated within basically the same
12

formalism.

Little attention in the lite rature has been given to the ionic states which

govern the desorption kinetics. Most work has focussed on the ground state

potentia l minima , whe re adsorption occurs . Studie s of electron dissociation of

molecule s furnish a guide to the antibonding state s , however , the model adopted

for E2 in this preliminary study is likely to be crude . The difficulties involved

in modelling E 2 for positively ionized core s , are less formidable than for neutrals

or negative Ions , f o r  which exchange and correlatio n -effects may be Important .

_____________________________
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The functions E~ (fl are assumed known in developing a kinetic theory below .

Furthermore , the solutions of the classica l equations of motion for ions and

neutra l pa rticles are assumed to be known , and to adequately describe propaga-

I L . c,1 the massive adpa rticles. The classica l solutIons~~ (t) depe nd para-

metrically on time and on the initia l coordina tes for each adpa rticle trajectory .

This classica l description is most applicable to unbound , and hence de—

sorbing states. Ions in state 2 quickly acquire substantia l kinetic energy.

The same argument applies to atom s desorbing in the ground state after suffe r-

ing reneutralization . A classica l description is also acceptable for ;i.brationa l

state s of massive adatoms at high temperature s , that is , when

Here , hw 0 may be taken to be the leve l spacing for a harmonic oscillator

approximation to E 1 near the chemisorption site .

When 15w,, Z kT , classica l kinetic equations still provide

qualitatively correct results for the linear re sponse . The propagation of pa rticles

only hi unbound trajectories need be followed . The principa l correction intro-

duced by quantizing the vibrationa l states is to modify the sha pe of ion energy

distributions.

We denote by R(i~) ,  Q(~) the transition rates for ionization and reneutrali-

zation re spectively. These functions , assumed known , of adatom-coordinate

rare averaged over all  initia l and fina l state s of the substrate and incident

electron consistent with a change of adatom state - Inasmuch as the domiria -it

impulse to adsorbed or desorbing particles is provided in this picture by the

gradients of En , the small  recoil suffere d during ionization or non—radiative

decay will be neglected .

Electronic energie s generally employe d in ESD experiments lie In the

range lOf ~ — 500 ev. So long as incident electrons are of high but non—re lativistic

k
t

. . •.. .- - - -
~~

-- .
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•

energy,  the excitat ion phase of 1. ~I) in~iy  be described in the Born Approximation .

For simple ionization processes , the coordinates of two final  state electrons d u e

averaged over ii. ~~~
(
~~~• • These exit  ~uic k ly  from the surface region , and are ei ther

absorbed by the SOUd :)U em it ~~- ~~ . .  Pu ~ e~ electrons to the vacuum . Inasmuch as

incident electron energ ies •~~e ~~~~ compared to (E 2 — E 1) ,  ionization can occur

from within tLe ~~~ izc  ~~~~~~~~~ ~~
- 

~~~~. ~n re~ ic.i .

Non—radiative deca y channels dominate transitions hack to the ground or

~ow iying excited states . Optic u l  ~ec~ ys are discounted , as their lifetimes are

lcn~ compa red to t 1~ ic~ii  L ;~~t I .~ f l i ç h t  t imes .  Ion reneutralization involve s matrix

elements for electron captwe fron t ~~ solid . Hence , this process is efficient

at close range , and wea kens r a p L i l y  wi th  increasing dista nce from the surface .

The surface plane is assumed to be tessella ted by a periodic grid of sur-

face unit cells , each of wh i t s anisotrop ic in the x-y direction . We regard

this structure as known . q of the surface , or rearra ngements of the

substrate la yer spacmc ~~ known to occur under certain conditions ,

can be incorporated into later ca lculations as required .

The symmetry and periodicity of the surface mesh are imposed on the

functions E ,  R , Q which describe the stage s of desorption . Transverse

anisotropie s in the adp a rt ic l e— surfuc e intera ctions become neglible while the

atom to surface separation is smal l  compa red to the sample dimensions.

We formulate a classica l transport theory entirely within a single surface

unit cell , extended in the z direction normal to the surface . At macroscopi c

distances , each such cell beha ve s as a point source of angular  dependent

intensity . Transport equations linear in the excitation rate R(~) are now obtain-

ed. The rate 0 (fl is treated as a zero order quantity . Later ca lculations verify

that the desorption cross sections depe~id exponentially on 0 (i~5 .

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ • ‘
~~~ ... r. - . - - 

•
~~~ 

- 
-
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Let ~~~~~~~ x d ~: lj e ~J I : . ! a t  i l i t y  uI f i ,~~tn an  atom or ion in ~.t~ te

n at time t , wi th in  the ph .tse sp~~ v . d H ~~~ element  ~.t r~ v~ where thes€ are

the I ~ic po sit ion ~iri d - :ylo~- - i I  v . Tt~ ’ follo v i i ii cj n ~r-ma l i zat ion is assume

for the present:

~~~~~~~~~ 
?~~~ Y j~~(~~~~t) I

~~~~~~~~~~

T!.is condition is relaxed af te r  l inear iz ing  the theory .

~-\ l l  sponta neous :‘ .~r ‘.‘ .~~~~ e n ( : ns s e s  are neq~ected for  the systems we

consider at the cxp t . . : L : t d ’ ~/ inte c :~ ; t t ng te mper it u re s .  Thermal desorption

may occur as a h y -prod ~~ t ~ t luc d ~u i f a c e  heat ing b- the incident electron

bea m.  This e f fec t  m a y  be dL~:~ u 3 , ~.l for weak f l u x e s .

In the absence of externa l per N~r ba t i on , the a t o m — s urface system is taken

to be a gas of non—in te r a c t i n q  p a t t i -los in t h e r m a l  eq u i l ib r ium with  the solid .

State 2 is unpo pu la : cd , h e n c e :

p°~~~
) 

~~O
Henceforth , ze ro superscripts denote equi l ib r ium state quant i t i es .  The Bo ltzm ann

eq uation which describes the ground state is:

5~iRF 

~2)
Here , M is the adsorbate m a s s .  The surface interaction term describes collisions

between adsorbate atoms and substra te  exci ta t ions .  In the present case , these

provide principally a re laxation mechan ism for the ground state .

Now we ~llow the syste m to be drive n off equi l ibr ium by an externa l

electron beam.  Competit ion between the  relevent t rans i t ion  mechanisms  is

summarized in the following k ine t ic  equa t i ons :

Q~ i~~u t ~ F~ ~~~~~~~~~~ ~~~(~~~~
)

I
~~~~~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ _ _ _ _ _
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Here , the subscripts Q, E ref er to the quenching,  excitation mechanisms .  We

made the choice (dP 2/dt) 
~~ 

0 , in writing the ~hove , thus neglecting

scattering and energ y loss of the desorbing ions due to interaction with sub-

strate excitations . Such processes wil l  be studied in future investigations .

Ions entering state 2 are described by the source term (dP 2/ dt) E . Inas-

much as recoil is neglected, one may approximate :

(~
)

The corresponding ground state depletion occuring via the ionization pro-

cess given by:

(t
~~~~~L~~~~~) 

-= -C(
~ 1~~~

) &
~~

)
~~~ ~(q~ )

Depletion of the ionic state through reneutralization is given by:

(
~

) — i~ (’~~~,- t) Q(F~)

Reneutralized adparticle s , which re-enter the ground state are the only

one s which can desorb in state 1. These contribute a distinctly non-thermal

compone nt to P1, which must be proportiona l to the following repopulation term ,

neglecting the recoil upon quenching :

(L@) ~ ~~~~~~~~~~ C~~~~~)

- _ _

(d t /q

—w 
~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ 
~~. - . ~~~~ ..~~~~~ ~ -. .-. ...

~~~L .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - -~&-- ‘ 
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~~~~~~~~~~~~~~~~~~~~
The following set of kinetic equations , linear in R , describes the angular

• dependent ESD problem for the weakly perturbed case:

~ Vo~~~~~~~~~~~~ ,z °~tl ~ ,~‘,q- i~,Q (3&

= i~Q
~~~~~~

t .

(3 b)

All term s here are of order R t , i5  required. One dimensiona l analogs of Eqes.

(3a , 3l~ were employed in previous work on photodesorption.

In obtaining the result above, we recalled tha t P°~~O. Hence, to lowest

order P2 ~~ R. The ground state distribution was taken to be;

Pl = P~ + Pl
’ 

- -

where the depleted equilibrium component is defined to satisfy:

d-t/5-~.’I?F
The remaining contribution, P1

1
. is then the solution to Eqn . (3b~. Inasmuch

as satisfies art equation independent of Q, a complete description of ground

state desorption is yielded by P1
1. Eq.(2)was used to approximate P~ ~

- 

• to dominent order in R. For weak coupling to the electron flux, the characteristic

surviva l time in the ground state against ionization is long compared to the

time for substrate induced relaxation. The following condition then holds:

Depletion of P1
0 may then be neglected , as its effect on P2’ and P1 is of

order at least .

. - i~~
-
~~~~

-
~~~~~~~~~~~~~:- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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In experimenta l situations , one ideally observe s the current of ions or

neutra l atoms ejected In each state . Linearity of ESD ion currents with the

incident electron flux has been supported by observation . Hence , the inter-

mediate and strong coupling limits of this theory a ppear to be of little prac-

tica l interest at present .

HI . DESORPTION CROSS SECTIONS

The tota l cross section for desorption in the n th state is given by:

= I f l~~f t~” / p~~~~
Here , I~ (z ,t) is the net adpa rtic le current in state n crossing a plane parallel

to the surface at z , at time t , per unit cell. is eva luated for L large corn-

pa red to unit cell dimensions. I~ is proportional to both the electron flux F,

and to 6(t) , the number of adsorbed atoms per unit cell remaining on the

surface at t . The cross sections are independent of F for linear response . The

coverage 6~ 
(t ~ and current ..r,., (1-, t) have the same time dependence

-Fr’1
via e ; hence , ~~~ is time Independent as well. Here ¶J is the

desorption cross section summed over all channels , while t is the elapsed time .

- For angular dependent ESD studies , the diffe rential desorptlon currents

I~ (
~

, ø, t) ,  and the diffe rentia l cross sections 
~~~~~~~~~ 

(~ ~)  are of interest .

Here ~~~~~ specify the asympt otic emission directions . The asym ptotic speeds

are integrated over. The total and differential cross sections are related by:

~:ç ~JiJ Z~~
(
~

ø)

One may find explicit expressions for 4 (~9~ ~
) in terms of j1,e.

distribution functions by straightforwardly following the microscopic adpa rticle

flux within one unit cell:

~;:(~M =
~~~~~~~~‘ 

v~~~
z
~ f (~~~~/~~ )

--.-w 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . _~~~~~~~ r ~~~~~~~ -
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Here lies in the pla ne pa ra llel to the surfa ce . A~ 
is the unit cell area .

One first evaluates the current density contribution f~~m d 3
~~

L~ 
~~~~~~~~~~) 

4 ~~ 
~~~~ e (1) e~ ~ C’) ç~ d ~

associated k-,ith the phase p int~~,&

In view of- the complexitie s 3ssocia ted with the angular dependence

problem , we adopt an approach well suited to numerica l simulation of ESD

• Ion Angular Distributions. The explicit result above for the differential cross

sections is cumbersome to implement efficiently on the computer.

The steady sta te ESD response is found by solving an equiva lent time

dependent problem. We Simulate the flux of ions or neutra l atoms desorbed in

response to an incident electron pulse of short duration y~, the n take the limit

T 0. Suita ble expressions for the tota l desorption cross sections are con-

structed using the transport form u lation . Numerica l differentiation in the

asymptotic plane allows one to recover the angular dependence .

This strategy Is Implemented using the time ordered picture of ESD . An

ensemble of adsorbed ground sta te atom s is perturbed at t 0 by the electron

beam. The forward evolution of the system is followed , without further inter-

action with the externa l beam , to a time t, when all ions or reneutralized atom s

which can desorb have crossed a detection pla ne . Each trajectory must be

individually followed to its asym ptotic direction via the classical equations of

motion . One evaluates the contribution made by each ion or atom to the cross

section , including attenuation due to quenching .

Time dependent solutions of the kinetic equations are required . The

formal solutions for map the evolution of an initia l distribution function for-

ward in time . These are used to construct the desorption cross sections .

J
4
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By convention , the dependence of all qua ntitie s on x~ v , is suppre ssed ,

with only their pa ra metric time dep~ndertce displayed. The classica l dyna-

mics problem will be solved t~umericaily. Liouville s Theor~ tn prompts the

replacement in Eqns (3a , 3b) : -

Here , a is the acceleration In the n th state given by:a~ - -

Equations (3a 3b) now take the form :

p

O

( )  R~ 
•

~~~ ~ (t) Q~ 1 (4a )
d-t

d1 (4k~

First , the ionic surviva l probability against reneutralizat ion , S2 (t0 , t J ,

is def ined to be:

5~~~~o)~~) ~~ 
(5)

The expone nt is the reneutra lizatiOn rate integrated a long the ionic trajectory

fromi~t0) to 1(t) , which is governed by E 2 (~).  -An alternative notation which

displays the path- integration explicitly -is:

Here , v (r ’) is the ionic velocity at r. . - -

I
- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

J— ±;± ~~~~~~~~~
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It is useful to interpret S2 (t , t) as an evolution operator, which maps

ions from their initial to final coordinates. One obtains the form of Eq.(~ t~~

• solving Eq. (4a) w~ th the ionization term neglected .

ESD cross sections are experimentally found to be severa l orders of

magnitude sma~~e~ i n ~~n atomic or molecula r ionization cross sections would

indicate , ~~ rt~e , ~ cL~~g ~r presumed to be efficient and we expect

S2 (t , t) <~~ I , when rlt0
) is close to the surface , and”?(t) lies in the detection

pla~tz’. It is also clear that S., (t ,t).S (t,t’) = S (t ,t’), and
-~ 0 2 2 0

s~ ~~~~~~
-

~~ The following tria l solution for P2
1 (t) is adopted:

(t) g(t) s2 (t0 , t)

After formally differentiating the above and comparing with Eq. (4a) the unknown

function g(t) is found to satisfy :

dq~~~~~~~~~
’) 

-

dt’
The forma l solution P (t) for the ionic state is

f) ~~~L) /7 
~%)S(1

~
-t) ~~~ 

/
2 
(t 

~~~~ 
t
’ R(~ 

‘
~15~ (i’~~ 

1’) (6a)

Here , we integrated the equation for g(t) formally over to ~ t’ �t. The boundary

condition g(t 0) = P2
1 (ta) is found by taking the Limit t -~t~ + ~ One note s that

-
• Urn S (t , t) = I. Both R(t) , Q(t) are assumed to be mathematically well beha ved .

The equilibrium distribution satisfied P1
0(t) = P1

0(t ) .

The solution P2
1(t) yields the ionic distribution function which has

evolved from the Initia l distributions P2
1(t0) and P1

0(t ).  The first term in

eq. (6a) attenuate s the initia l ion density, while the second incorporates

ionizations which occur during the interva l

-- .!:— 
~~~. -- ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~

,. 
~ 

- 
• 

.
. 

-
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The forma l solution of Eq. (4a), containing the ground state component
• of quenched pa rtic les , is:

~~fr ~
) 1f:~’~~t’)Q(~’) (6b)

Here , one uses the state I dynamics to map ~(t), ~ (t’) forward to time t in the

second term.

We construct the cross sections after first examining the response of

a single ground state adatom to ionizing transitions during the short finite

interva l (—1’, 03, Let lJ+(_r, 0) be the probability of finding the atom as

an ion at t=0. Using Eq. (6a) this is found to be:

U~-r,o) ~~~~~~~

fd

R(t ~~~~~~~~~~~~~~
(t

~~~
0)

H (7)

Here , the choice P2
1 (- p. ) 0 was made , inasmuch as the initia l ionic population

must be excluded from the re sponse during f— -r, o7. We normalized to unit source
strength - with the choice P1

9(t0) . = 1; The explicit value of Is fixed by the

choice of initia l conditions i>(-~~ ) ,  v (— -7) ,

- 

. 
- 

Next , a single ion is permitted to evolve from t 0 to time t , when

its velocity has reached the asymptotic value . No further interaction with the

ex terna l electrons is included hence , we choose qt%~o) 0
)  

and P~~ (t~ = 0)

= I in Eqn . (6a , 6b) Conditiona l probabilities for - finding the atom with r(t) ,

v ~t) are given by:

V2o 1- t)

~~~~~~~ ~~~~~~~~ 

-‘

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~ : ‘~• ..:r   - , - - - - - . - -

~—~
- 

~ 
-



- 

i5~~~~~~~~~

for the ionic state , ani

for the ground s ta t~~. An ~~~ ~v reneutra lize at any time d fter t- o. Hence ,
0V (o, ~~~~~ c~ ‘- -

~~~~- -~~~~~~‘~ -~ - : -  i u t e- ~ r ~t i on ov~ r i aterme sta rr -  t imes .

The single atom ejection probabllit les1T4’ ° (-- i- , 0 , 1) ,  for the ionic and

t-~~~’r il  stote , fo llow the }~- :s t :~ y ~ an adsorbed atom which r~-sponds to the

~~~ n-~al beam ovec (-
~~~~ ~~~

7 - r , o, t)

7 (—T
,
0
,
t) (1 (-7~o) Vio 1z~) (8)

These qua ntities are closely re lated to the ionic and neutral  atom desorption

cross sections to be presented below .

L.et 7t~ ( 
~~) denote the ionization cross section for an adsorbed

atom at the point y’ = F”(t O) . This function must have the free atomic or

molecula r ionization cross section as its limit when z0 ~~~~~~~~~~~~ . He re , €

is the incident electron energy. We expect 7~, (i’ ) to be linear in the

upward transition rate R~ as follows:

- . Here , F is the incident electron flux .
This result is recovered after first noting -that C/(’1 0) /

7~ is the average

ionization rate per atom . The corresponding average Ionization cross section per

atom is given by: -

= _ _ _

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - - -

~~
--

~~~
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In the limit r .O + one obtains the Instanta neous response . R (t ’)  is

smoothly varying for ESD , inasmuch as the summations over final state electron

coord inates contained in R consume any delta function resonances. One factors

R (t’ = 0) from the integration above , and make s the replacement S2 ( t ’ , O) ~~
S2 (-11, 0) ~ It o  obtain Eq. (9)

The cross section for the entire process resulting in Ionic desorptiori of

an atom initially in the ground state Is given by:

+ ~~~~~~~~~~~~1~

~~~ 
-

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ expj ~fct~’Q~~) J
F a

Here , the dependence on Rand  Q is displayed . The step function was inserted

to ensure tha t desorption is energetically possible . One Integrates the decay

probabitity appearing in the exponent from point to point as the trajectory is

followed . The asymptotic velocity genera ted by depends on the choice

of ~~~ j~~. One chooses t for each ion path so that z(t) lies far from the

surface .

The analogou s ground state eje ction cros s section is given by:

~ X~
(
~~V~o,~

) - 

/

k = X~~fdi~
’Qh~2 e~pLfd 1~ ‘Qh”2J’

Here , the step function was evaluated at the reneutralization pa1n~,eIiminat ing

trapped particles. E2 governs the path Integrations during I U , t’] , while F 1
determines the dynamics during 1EJ . Nuiiierica l eva luution of 

~~ _ _ _ _ _ _ _  

.
~~~~~~~~~ ~~~~

.. ~ii. : :
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is expected ~o be -, 1 ; C  c-oci ur . ~~~ clue to rh€ Integzati~ u or~ i;~terr~~-J iate times.

Finally , the erLsC ..bl- ’ avr~ ojes of Hection cross sect1or~ over the

phase space -;~ r l - ~--~ - j~~: ~~~~~~ 
-
~~

-) . - h ~ fci -a l ciolu~ions vir~~ h yielc ~h.

tota k ionic aci d i~~u~.o - - L~~~ ct-c- b  i -c -~ ic-ns i-

~d r~ ci 1 / ~ ~~~~~, ~~~(O, 
,r9f t  (r~)- ~~~~~~

(kOa)

~~ 
~ J4~~d Q~ ~~~~~~

J j - ~~~(t~’) ‘)- ~~~~~ (~~~))

(lob)

The equilibrium distribution P1
° was used in ave raging , rather tha n P1, inasmuch

as the ejection cross secuons are already linear in R. Eq. (lOa) for is

employed be low in f f -~ numerica l simulation of ESDIA D for 0+ adsorbed on

Tungsten.

- Note that Eqn (lOa ) for is a generalization of phenomenological

expressions which have appeared in the literature. Our previous work on one

dimensional Photodesorption theory produced expressions analogous to Eqns(lOa , l ob)

for the optically fluorescent and ground state cross sections ,

The result expressed in Eqns (lOa) , (lob) is model independent , except
- 

- for genera l restrictions on R , Q, En s and P1
0 outlined a bove . One may use

Eqns( 10 a ,b)In conjunction with model surface interactions to obtain ESDIAD

patterns and energy spectra within the Menzel-Gomer , Redhead ESID picture .

Finally, note that the transport approach is applica ble to a wide

variety of surface phenomena Involving propagation of atotns , lons or molecules .

In part icula r , the cross section contributions due to high L t order excitation

processes in ESD may be obtained without diff icul ty.

~ 
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1V MODEL CALCULA TION FOR O~ DESORPTION FRO M TUN GSTEN

The rema inder of th is paper applies the first principles kinet ic  thocry in a

model calculation of desorptton from tungsten.  We attempt to understand t h ;  interest inq

angular and energy dependent ESD results found recently on W (l11)~ by numerical ly

simulating the ESD patterns and ion energy spectra to be expected for atoms adsorbed

at various s ites on the surface . Little is known of the nature of possible ant i —

bonding states for ions; therefore , simple models are adopted for ion-solid and

atom-solid interactions. Absolute cross sections were not calculated due to lack

of information about wave fu nctions on surfaces. We concentrate on the spect ro-

scopy of ESD; that is , in this paper we have studied only the polar and az imuthal

angular dependence and the energ y spectra of emerg ing Ions.

Experimentally, a rich diversity of ESDIA D patterns wer e found on

W (111) and W (100) . Por high cove rage , these consist of grc ups of sharp 0+

em 1~~ion spots , whose geometry is a function of adsorption and annealing

tem perature . 0+ emission norma l to the surface was found , as well as off

normal spots , whose number and orientation clearly reflect the underlying sub-

strate geometry .

The antibonding state potentia l funne l is assumed to be the mechanism

which produces focussed spot patterns. For a number of the observed ESDIADs ,

one can discount the possibility that off axis emission is due to thermally acti-

vated substrate facetting .
1
~ Here , only flat substrates are ConSi d ered .

The peaks in ion energy spectra were found to occur at 8 to 9 ev , on

both W(lll) and W(l OO).
6 

~his agrees with earlier studies
5
on polycrystalline

tungsten , wh ich report a spectru m peaking at 8.8 ev.

The qualitative feature s of our result are una ltered by the following

choice of models. Spacia l vartht ion in the excitation and reneutralization rates

was neglected; thus , we chose ard S2 to be constants. When vibrationa l

states are highly localized , the distortion of ~ “ ‘1
~introduced by this approx i-

mation is not critical. Ion energy spectra will be skewed toward lower energie s ,

ar -I the pre ferentia l reneutra l izat ion of slower ions is neglected .

- — ‘2 . - ’ ~ - -~~ .. - - ~ . - *-. - . .
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Near a po-~sible i~ urp~ion ~izt e , we modelled E as a pa rabolic

potential :

(~
. 

_ ) 
- -
~~~~ 

-- -~~~~~~~~~~ (~ -~ ) K~~~~
)

Here , b is the ~~sorpt ion site c~ - -:~~i in ate . The chemisorption energy~~0 doe s

:~o; appear ~~~~~~ ~ci~ k~- -- U ~c: se ci ~~
- i~i t~ons . The spring constant tensor~~~

was taken to be isotropic , fo r sinip l ictt 11’. One fits to the be st experi—

-~e.~tol value s .

We chose for lss - r:. :~t~ ~ributi on s both in position and velocity

spaces.. This choice is appropriate for particles in an harmonic potential

well both for high temperature . and in the zero temperature case . The shape

of ion energ y spectra results fro m a folding of against E 2 
in these cal- -

culations. However , peil: ion energies are insensitive to the width of

The sixfold lntegrat~~n on phase coordinates r ,  V in Eqn (lOa) was

accomplished by the Monte Carlo method .

In modelling E~ . ions were approximated as point cha rges which

respond to the loca l electrostatic surface potential. The cha racter of the domi-

nent anti-bonding state in ESD is not known; for simplicity, we chose to exam ine

one which leaves the substrate free of excitation , E 2 is ta ken to be the sum of

the unexcited substrate Hat-tree potentia l , plus an image contribution , produced

by averaged electron density fluctuations , viz:

(~~~~~~~~) 
-

~~~ 
r ~~~~~~ -~;) 

-

Here , q Is the ionic charge . Bonding e ffects in the substrate wet-a neglected .

The surface Hat-tree potentia l was represented by the sum of free tungsten

atom Hartree potentials centered on the lattice sites. Similar superpositions

ha ve been the sta rting point for self-consistent ba nd structure ca lculations in

bulk tungsten. ’~~
’6

-- 
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The Herman-Skillma n wave functions were used to evaluate V

numerically, which was the n fitted to the form :

All quantities are in atomic units . As -ì check , we evaluated also the screened

tungsten atomic potentia l in the Fermi- Thomas appr oximation . At realistic

W~.O + sepa rations, the resulting potentia l is somewhat smaller than the above .

An ion—surface plasmon hamiltonian~
j’Js9 used to ~tumerically evaluate

the image pote ntia l VIM , for a number of values of z and r , the plasma

pa rameter . The result for singly ionized atoms was fitted , to the following form :

11 /2. t .  -
~~~~~ 

________________________________

CLt  f / f e  
~~~~~~~~ 

1~

-Image cha rge density resides , iu this mode l , on an approximate electronic

boundary of the metal. Including pla smon dispersion shifts the divergence

in the classical result at the dielectric surface to the interior of the metal.

Some consequences of this ESD model , on W(lll) are now

examined . Extensive numerical computation using l00 °K. for the desorption

temperature was done , at a wide variety of possible adsorption sites.

The most striking result follows: the naive model constructed for the

anti-handling potential strongly focusses Ions created in the neighborhood of most

plausible candidates for adsorption for sites . The most compact s imulated O~

emission spots are associated with the largest mean Ion energies. Long range

image attraction tends to defocus the spots . However , th is  mechanism is

competit ive with focussing by the repulsive component of I !
~ 

only for very low

energy ions .

I
I

~ 

~i~~ - 1±~111~ ~~~~~~~~~
— -—-- -_
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energy i~ n r .  - the  !c- I ‘- -~ - u -  cf ~~~~~~~~~~~~~~~~~~~ at ~ ~-eui t  ot iofli ‘~~~ I ~oa proviie~-

the J ~~~~t~~-~ ,~~~ - r . -~u~ , ~~~~ 
-

- ~~ i:~ , ot: i the centra~ ;ol - ti tude  and - i z t -uu th a l

(11 ~~ ita~~c:. -~~ o ~
-
~

- t — u~-~ ~~~~~~~ - - - - - ~oz the L-e s LW ny emission S~~ - L - t  - In FTI~~~~
’Iy

- - - - ~~~
-. ~~~~~~ ~~~ - -

~~ ~o comes ~ .-m i sir ~j 1e 5Utj :-,~~-3t C atc- .

f~ i~ sic- ’ ~! - c t - - . ~~~ -- ro  - .: - ;  t 1 1 - r  chern L. - - puon bond direction .

~~~ were success~ u 1 iu generating simulate d ion distributions quite

s:~~ ’ ar to th ose which were ah$e~~’~el c-n W( lll ) . Success , however , in replica-

- ~h. - v i s u a l r~ :e-- - c - f  ; r - ~ - d~ - - t -  i :w t i o n s  doe s nor gua rantee tha t  this model

~~~- . the antibondin g . i c  a , ~~~~~~~~ In pa rticular , the simulated ion energy

spectra which - i e -~ - - - - . ~- a ~ .fl below the e> perimenta l ion energ ies.

This was tue case a-~’en for ‘~i ;t i on  site candidates whose ESDIAD pattern

simulations closely resemble those observed . This f inding is discussed further -

in the conc lu-Jin~j~ re~-t io~ , F or a ) w  
- we re mark that remodeling of the anti—

bonding state Is r€~ dc-ed .

Despite the lim itations of this model , it is useful to explore the

most plausible picture of high coverage oxygen chemisorption it can generate ,

guided by experiment .

Whenever the enti -bonding state potential has the qualitative behavior

of our model , the following rule s associate the gross feature s of ESDIA D spot

pa ttern s with adsorption geometry. Emission spots directed off the surface

normal are evidence of adsorption at a point where E2 is assymmetric , that is ,

away from the one fold degenerate unit cell sites. Here , we define n fold

degeneracy to mean that a particular point is found in ri equivalent locations

within a single unit cell whose environments are identical except -for combinations

of rotation , reflection, and translation . For example , in Fig . (2) all the points

labelled ‘ a ’ , ‘f ~ ,
‘ ( ‘ ,‘ c S ’  are degenerate. At the high symmetry ( one fold

degenerate) sites, the anti-bonding potential possesses approximate azimuthal

symmetry , and thus leads to emission peaked normal to the surface.

~~~~~~~~~~~~~~~~ ~w ~~~~~~~~~~ ~~ ~~~~~~~~~~~ 
—

~~ ~ ~~~~ ~ ~~ ... . I. .
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One would reconsider this interpretation If long lived , highly

localized substrate excitations could be shown to dominate in the antl-bondiu~j

potent ial. Such excitations might be localized on neighboring adsorbate c- I

substrate atoms , and could result in non—norm a l emission of atoms adsorbed

at symmetric points . -

Within the model we used , syrrtmetrica l groupings of off axis spots

are exp la ined . Assymmetric points in the unit cell are several-fold degenerate.

At~ adsorba te domain on the surface in which such sites are occupied should

be found , with equal occupation probability, in al l  degenerate orientations .

The corresponding ESDIA D patterr t s should thus contain spot superposition~

suggestive of the substrate unit cell structure .

We illustra te with applications of the model t o W  (Ill) . Fig .(2) show s

the W(lll) surface unit cell. Some of the lengths pertinent to the W-Osystem

in are tabulated in Table 1. Here we are guided by exper iment . Under

conditions for which facetting of the surface is believed not to occur,

- trios of Q4 emission sp ots were f ound , having the substrate orientation

shown in Fig . (2) . These were found in conjunction with normal emission ,
0-

or with a second spot trio , rotated 180 .

1.-i this simulation , adsorption at the highly assymmetr ic points such

as or ‘p’ in fig . (2) can produce only pa tterns of six spots, rotated from the

observed orientation . Adsorption directly over one of t~ie highly symmetric

points ‘A’ , ‘B’ , or ‘C’ produces only emission in a narrow cone norma l to the

surface . Adsorption e1s,e’~here a long the unit cell mirror planes Is expected

to generate spot trios , with primary oriented spots, as in Fig. ~),corresponding

to adsorption between point s ‘A’ and ‘C’ , while 1800 rotated trios correspond

to occupied sites between ‘C’ and ‘B’, or ‘B’ and ‘A’ .

i
I

-

~
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We located those site s which yield the best fit with this anti-bonding

potential , to the experimentc l f~~D A D  pattern s and Ion energies. A reasona~ h.

lower limit on the W—O bond ler~c~th ~‘;a s chosen as l.95A°, the sum of Sl~tee~
20—zZ

atomic radii. The colatitude ~ ~ r.ulated primary lobes was fitted to the ex—

perimenta l6value of 340 -

Th~ mo~-t plausible site cand :date found for the origin of ‘primary’

spot trios (i .e.,  those with the orientation shown in Fig.2) lies almost equi-

d~stant from the ‘A ’ and ‘C ’ layer tungsten atoms , in Fig . (2) , along the

unit cell mirror plane. A site ait.io t~t equidistant from the ‘C’ and ‘B’ layer

tungsten atoms is this models be ;t choice for the generator of 1800 rotated

spot trios.

For both of these sites , the mean energy of em itted ions was ca l-

culated to lie in the range 2 to 2 .5 ev , which is significa ntly smaller tha n the

experimenta l value of 8-9 ev- . For the normal emission spot produced by ad-

sorption directly over point ‘C’ , this model predicts ions energies peaking at

1.3 ev. Note that these calculations predict peak ion energies an order of

magnitude below experiment , for adsorption sites directly above the surface

layer tungsten atoms at ‘A’ . Fig (3) shows the spot pattern s for sites mentioned .

V: DISCUSSION, CONCLUSIONS

The first principles kinetic theory presented above for angular

dependence in ESD provides a vehicle for testing model ion-solid interactions.

- - Ca lculations performed using a simple mode l for the ground state surface anti-

bonding potential predict the strong focussing of ions, like that observed in

ESDIAD experiments involving 0+ emission. Models of 0+ chemtsorption on

W were inferre d , by fitting to the experimenta l pa tterns. Unfortunately, poor

agreement between our ca lculated ion energ y distributions and the experimental

ones weakens the plausibility of such chemisorption models, for high oxygen

coverage on tungsten. However , we expect these model calculations to apply

—- - - - ~~~~~~~~~ r; -
-—- - - —-- - -—~~~~ -~~- —~~~~~~~~~~~~ - - --
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to low oxygen coverage on W for which 02 is believed to dissociate • It

is likely at low coverage , that the metallic substrate will support only

excitations whose lifetimes are much shorter than ion ejection times.

Complementary model ca lcu lations for 0+ desor ption from W( lOO )
11

were done . Some of the results ha ve been reported In the literature . Here , we

remark tha t the ion energy distributions obtained in model computations peak

at about 2.5 ev , as for W(lll) .

Substantially the same picture of adsorption results from a range of

-aodels for the antibonding potentials (which are time independent) , and which

Involve basically scale and range changes. More careful modelling of the

potential for ground state surfaces may moderately increase the calculated ion

energies. For example , we replaced the tungsten wave function by a set which
23 

- -

includes L-S coupling , then repeated calculations for some selected sites.

Ion energies were increased by a fac tor of roughl y 1. 5 to 2, with neglible change

in the simulated ESDIAD patterns. -

It appears unlikely, however , that a model anti-bonding state in

which the substrate and remaining adsorbate atoirns are free of excitation can

adequately explain the high ion energies observed for p1 oxygen. 
—

It is interesting to note that ion energy spectra peaking at 1. 7 ev.

were reported for ESD of H+ from tungsten~ This is consistent with the energ y

range predicted by our model .

We speculative ly sugge st that excited antibonding states involving

the surface and adsorbate atoms may be able to expla in the la rge 0+ ejectIon

energies found at high coverage . Explicit detailed treatment of these as yet

unknown states require s cluster ca lculations beyond the scope of this work .

The type of processes we suggest are ana logous to those involve d

in electron dissociation of free molecules. A collision with an incident electron

-~~ ~~~~~~~~~~~~~~~~~~~~ ~
.
- 
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Insight into the physico l r ecicons for i ~ow yield p2 and ~ high ‘-ie~-~

oxygen phase can be ~j 5 ~ - -~ c~ , - t  t~~~’ ~
— ~u~at :n ;  . -~ rrier picture -~ reall ’~ e

one for high coverage. In additic n :o s .j c . porting tong lived excitat io1~~, s’t - -h a

barrier would inhibit ion reneutrali~’-~ t~~n. Both higher ion energie s ~nd sc-m iter - -~

hopping matrix elements would appear in the reneu tral izetion rate , com pared

to a low coverage surface . Dramatic increases in the ion surviva l probability

would result , due to the exponentia l dependerid e of SZ on Q(r) .

ESD emission of H+ from W can probably be expla ined using the

ground state surface model, with rio need to postulate the formation of an in-

sulating barrie r at high coverage . The H+ yield for both p~ and p2 hydrogen

phases is small , and compa rable to tha t of oxygen in the low coverage pha se . 
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We can devise speculative mechanisms which produce geometrica l

spot pattern s in ESDIADs , whether it Is the ground state surface potentia l or an

excited anti—bonding state which governs ion emission . If the anti-bonding

state is associated with highly localized excitations , off axis spots can result

even in the case where adsorption occurs at the highly symmetric points of the

unit cell. Note , for example , on Fig . (2),  that an adsorbate Ion created above

point ‘C’ , together with excitation of an adjacent ‘A’ layer tungsten atom , can

pronuce downward facing spot trios . If excited states are multi-centered , the

anti-bond ing potentia l will have essentially the same symmetry as the groufld

state potential. Off axis spot groups then corre spond to adsorption at points

in the unit cell away from the symmetry sites ,

The speculative nature of some of our remarks indicates the need

for accelerated theoretica l study of ESD mechanisms, a fter which unambiguous

adsorption site determinations using ESDIAD may be made .
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FIGURE CAPTION S

Fig . I The one dimensional qualitative behavior of effective potentials for
ionic ESD , as functions of z coordinate . V is the chemisorption
energy. The z coordinate of the adsorption site is ‘b’ . The
The metal + adsorbate system In its ground. state , designated by
(M + A),  has the potential function E1(r) . Ar~ anti-bonding potential
E2 

(r) leading to ionic ESD is denoted (M + A ) .  The ~,uh qtrate

here is free of excitation. The dashed line (M * 
+ A1) suggests the

behavior of the effective potential for an ion interacting with the
excited substrate . The asymptotic energy difference E . - E1 is
V , the atomic ionization potential , if both incident an~ ejected
electrons are Auger emitted to the vacuum

Fig. 2 The W (111) surface unit cell . Large sphere s depict tungsten atoms.
The ‘A’ atoms lie in the surface layer. ‘B’ and ‘C’ atoms reside in
the second and third planes in the solid . The A-A distance is
8.44 a • Dashed lines through “B’ , ‘C a~e bilateral symmetry
axes • ~ ‘Primary’ ESD emission lobes for 0 on W (ill) have been
observed , with their substrate registry as indicated by the trio of
heavy circles.

Fig. 3 Simulated ESD spot patterns for iow coverage of 0xyg~en on w (1ll). Fig.
3a shows the ion distributions for adsorption 1.95 A . over point
‘C’ on Fig . 2. Fig . 3b correspond s to adsorption almost equidistant
from tungsten atoms at ‘A’ and ‘C’ , while Fig . 3c pertains to
adsorption between sites ‘C’ and ‘B’ • This series provides the
best fit to experimental patterns of Madey , et al.
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EmPiric~A ~~~~~~~~~~ i~
Oxygen ( Sl a t c - r  0.60 A.°

0.66
Tun-i -~~ .-

~~ - (Si ~st ~~f~ 1.35
(. ‘.i - ! ~~:tu )  1.30

~ulk Tung~ ter~ ~:.  • 
- 

-)  
- 

-

d t t 1~. ¼ - - (J~ ~~~~~ .16
W — Vt/ l i  1$. ~$r (- ~~~ t n~ /.71

W (I11) ‘~~ rt - ~ - -’- ~j ~~t 1 j~

Ldttice Constant 4 .47
Interplanar spacing 0.91

( . .

~~~~~~~~ 
,Uridi~ ._~~~a.i

Latu~ e C’ -(- -.~~~~ 
- n

Interpianar spacrng 1.58
- 0 Bond j &t~~S:

Sum of Empirical Atomic
Radii (Slater) 1.95

(Pauling) 1.96
Experiniorital W-Q bond 

+Length on W (11Q) (ref .22) 2.08 - .07 A

TABLE 1; Some Characteristic Lengths in the Tung sten- Oxygen System.
Unless noted otherwise , lengths are taken (torn either Ref. 20 or 21.

- - , -

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~~~_ :  -
~~~~

---
~~~~~~~~~~ 

- 1



~~~.-~~— -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

N

(~~~~~~~~ ~~~~ 

-

I IE 

-  —

11~ .7
I I Z

V0
(M-~~ )

- - -
~~~ b — ~

FIG. I 

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~ —-~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~



- - . —~ -------—- - - - ---- -- -— --~~~~~------ — ——-—— - - — ---.--—.-- -- ---- —- — - ~~~—
-

~~ 

- 
/  — 

0 ciC —_

~/ —~~

‘
\.. -- I ~~~~ \I I \

-
- 

~:
—

- x—,~
13• .fi 

/
-
-

__

~
‘. I-

~c~— ’  6 •J3
4 

,
—

.- 

+6 
“
‘- .-.

D 

80 •p

• S - !
i( )IIcl.

._ A ,

F I G U R E  2 
-

- ---~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_
~~~~~~~~~~~~~~

,-



r w - ----- —---
~~
---- - 

~~~~~
- - -

~~~~~
- ------—---------- -- 

-

-~1 I - A - X ~- TAN( TI 1I TMCOe( F’} ~
•1!

- 
I ~ TA t - K T L ~ T , t~ ~ lN ( ri

- - ‘
~~~ H’ -7 r ~ 11 u t I IT I ~M ‘~A I I [RI

j

!r ~~ - - ~~~~~

- -I- - -- - - - I- - ---- - I- .  -f -- - I --- I ---- LI - -

~~~~~~~~~~~ 

-
~~~~~~

- I  - f - - -H -- I— --l- - - - -
~~~~~~

- 

~~
+- - - 1

(:( Cn~L[ rA’~TQF~ - J~~~~~ 
r(i T Ni ~ PLOTTI

I; r1iI,r:IT! ~
(,A1 r. Im- 1H1’- orr ~

FIGURE 3a

~ 

b~~~. 

- _ _



r~ • 
- 

~~~~~~~~

—---- 
-
~~~~~P. -

I i I
•

~~~

‘ 
-

~ 

n i t ~ r I-i I~_ I’— - L - J  ~— n~

•:~~~.~~~ - ‘~-~~- 
- I f j ~ ~~~~~~ 1 /~ 

I ~! t (

~~~~~~ J.~
i ~~~ . 

-

I I ~I_~I . 1 .;.’ F - - I  i ~~~ t~ ~ i-- ’ -I 

L- - - - - -

~~~
t- -

~~ 
L-- i --i - I---- I ~~~~~~~~~ I-- I -- I I I ------- ~1---- --I--—--+ —

-‘~1 I— - I ‘I I ~~~~~ 
. - : . . ‘- :  ~t - t -i 1’! ii i:’

V I 1 1’ ’-H_ ( - ~~
-- ! I :.~~~ - r ,

FIGURE 3b

-~~~~--~~~~~~~~~~ ~~~~~~~~L1I~~~~f: t- ~~~~~ _ _ _ _ _



I i~~~ 
- I.

• I I I  _ I. - - !~~~~i I , n I . i
I, - I , - 

- 

-

j ’ ; ! _ ~~ ! ,

1-

I T

I i ~~ ~~~~~~~~~~~~~~~~~~

_ _ _  

_ _1-i

: ‘.~ 1 I ‘ - .I~ - 

:- - : - • •‘ • 
- 1 ‘-~ 

f~ ’ I

‘-
P. ~ ~~~ 

I- ~~~~ 1 I • 
_ ‘ I !  I -

~ 
- - , I - - A i r

FIGURE 3c

~~~~ ~i - -
~~~~: - ~~

- ’ ‘~i~~ -; - 
- -


